ABSTRACT We studied pupal diapause maintenance and termination in Endopiza viteana, a pest of commercially grown grapes. We observed considerable variation in diapause intensity, which ranged from 5.5 to 10 mo under natural temperatures and photoperiods. Adult males tended to emerge from diapause slightly earlier than females, suggesting that E. viteana may be protandrous. In the Þeld, low temperatures maintained diapause in overwintering pupae, and adult emergence began at Ϸ148 degree-days accumulated from 1 January. Photoperiod did not inßuence diapause termination in E. viteana. Overall, most adults emerged in spring at roughly the same time, regardless of the date at which pupae entered diapause; however, emergence was extended over a 6-wk period. Moreover, eggs oviposited by late-emerging females may experience photoperiods that would lead to diapause in pupae. Under natural conditions, extended adult emergence may result in overlapping generations; accordingly, coordinating the timing of control tactics with peak oviposition is very difÞcult for this insect pest.
FORECASTING SEASONAL ACTIVITY of insect pests is a complex and difÞcult, yet essential, component of pest management, requiring a clear understanding of voltinism (Tauber and Tauber 1976) . Seasonal activity and voltinism in the grape berry moth, Endopiza viteana ClemensÑreferred to by some authors as Polychrosis viteana (Clemens) (Zhang 1994 )Ñis still poorly understood. This tortricid moth, which is native to the eastern United States and Canada, has multiple generations and overwinters in the pupal stage. Adults emerge from overwintering pupae in spring, and mated females oviposit on developing buds, ßower clusters, or grape berries. Upon hatching, Þrst instars feed on buds or clusters, or burrow into the grape to feed on fruit tissue. After larval development is complete, fourth instars exit the berry and pupate in rolled leaves or by forming a silken chamber in bark crevices of the grapevine (Luciani 1987) .
In studying diapause induction, Nagarkatti et al. (2001) observed that eggs of E. viteana were sensitive to decreasing daylengths. For example, in North East, PA (latitude 42Њ 13Ј N), eggs laid as early as 9 July, when daylength was 15 h:05 min, developed into diapausing pupae. Fifty percent of eggs that were laid on 22 July (daylength ϭ 14 h:45.5 min) produced diapausing pupae, and the percent of diapausing individuals in a population steadily increased until 12 August (daylength ϭ 14 h:21.1 min), after which all eggs developed into diapausing pupae.
The termination of diapause in insects is thought to be controlled by one or more environmental factors, including photoperiod, humidity, and temperature. Some insects terminate diapause in direct response to external stimuli, such as the directional change in photoperiod, while others maintain diapause in response to the status of the environmental variable (Tauber and Tauber 1976 , Tauber et al. 1986 , Tauber et al. 1998 . For example, Gleissner (1943) and Luciani (1987) proposed that E. viteana populations in Ontario, Canada, and Erie County, PA, respectively, underwent oligopause (Mansingh 1971) , in which diapause was maintained by low temperatures during winter months.
In predicting the onset of E. viteana postdiapause activity in spring, previous phenology research has focused on determining degree-day accumulations at which male moths were Þrst captured in pheromone traps in commercial vineyards (Hoffman and Dennehy 1989) . Although pheromone trap catches of males may provide misleading information for predicting Þrst generation ovipositional activity, particularly if a species is protandrous, Hoffman et al. (1992) reported that trap catch data of E. viteana did correspond phenologically with egg deposition. We studied environmental factors that maintained and terminated diapause in E. viteana to enhance our understanding of its phenology, particularly with regard to Þrst generation activity. Our four objectives were as follows:
(1) determine sex-dependent differences in diapause termination, (2) examine variation in diapause intensity among individuals of a cohort, (3) estimate degree-day accumulation of males and females following diapause, and (4) examine the inßuence of temperature and photoperiod on diapause termination.
Materials and Methods
Diapause Intensity and Degree-Day Requirements. Collecting E. viteana eggs, which are generally Ͻ0.8 mm (Gleissner 1943) , from grape clusters on vines is a formidable task because they are laid individually and are inconspicuous. Thus, we collected eggs from a laboratory colony that originated from a Concord variety, Vitis x labruscana Bailey (Rhamnales: Vitaceae), vineyard at the Lake Erie Regional Grape Research and Extension Center in North East, PA. (V. x labruscana is the cultigen name for American grape cultivars having native V. labrusca parentage [Cahoon 1986 ].) From 13 May to 25 September 1999, grape clusters bearing E. viteana eggs were placed in plastic boxes and held under natural temperatures and photoperiods on a screened porch at the Research and Extension Center in North East. Larvae were transferred to artiÞcial diet (Nagarkatti et al. 2000) and allowed to pupate in strips of facial tissue. Pupae reared from a single cohort were held together in 9.5 by 2.2-cm glass vials with moist sphagnum moss, ensuring that all those pupating on a given day were segregated from those pupating on subsequent days. Pupae were presumed either dead or in diapause if they failed to eclose before winter. These pupae were placed in quart glass jars, which were in turn placed in large buckets and covered. Inside the buckets, jars were held over a supersaturated NaCl solution to provide high humidity conditions (Ͼ70% RH) (Winston and Bates 1960) , which pupae require for winter survival (Hoffman et al. 1990 ). Pupae were maintained in an unheated room throughout fall and winter to simulate Þeld temperatures. Two HOBO Pro Series data loggers (Onset Computer Corporation, Bourne, MA) were set up to monitor hourly changes in temperature and relative humidity. Data loggers were suspended in the bucket and in a vineyard Ϸ50 m from this room to ensure that pupae inside the buckets were exposed to temperature conditions similar to those in the Þeld. We recorded the date and sex as moths emerged the following spring.
Accumulated degree-days from 1 January were estimated using the maximum-minimum method (Arnold 1959) and a minimum base threshold of 8.4ЊC . Differences in degree-day requirements for adult emergence between males and females were analyzed using a two-tailed t-test (PROC t-test, SAS Institute 1999) . We also modeled the cumulative proportion, P, of emerged adults over accumulated degree-days using a Gompertz function,
in which r and b are the rate of increase and lag, respectively (Brown and Mayer 1988) , and x denotes accumulated degree-days. Nonlinear convergence was based on the Marquardt algorithm (Marquardt 1963 ) using PROC NLIN (SAS Institute 1999 . This model was extrapolated to predict quantile degreeday requirements.
To investigate the possibility of protandry, we used contingency analysis in PROC FREQ (SAS Institute 1999) to analyze the frequency of males and females that comprised the Þrst and last 10%, and middle 80%, of all adults to emerge. We Þrst tested the association between sex and emergence group (e.g., Þrst 10 and last 10%) using the likelihood-ratio chi-squared statistic G 2 . If a signiÞcant association was detected at ␣ ϭ 0.05, we conducted post hoc tests by partitioning G 2 into nonsigniÞcant components (Agresti 1990) .
To determine differences in pupal weights between diapausing and nondiapausing E. viteana, we exposed eggs to photoperiods that either induced diapause or not , and reared larvae on artiÞcial diet (Nagarkatti et al. 2000) . We weighed individual pupae and determined their sex by counting the number of abdominal segments visible beyond the wing pads, which is three in females and four in males. Differences in pupal weights between diapausing males and females, nondiapausing males and females, diapausing and nondiapausing males, and diapausing and nondiapausing females were analyzed using two-tailed t-tests (PROC t-test, SAS Institute 1999) .
Effects of Artificial Chilling and Photoperiod on Diapause Termination. We reared E. viteana under laboratory temperature conditions and under photoperiods that induce diapause (i.e., Ͻ14 h daylength; Nagarkatti et al. 2001) . We separated diapausing pupae into four groups and maintained them under different conditions to determine the inßuence of photoperiod on diapause maintenance, and to determine if low temperatures were a prerequisite for postdiapause development. Each group contained Ϸ40 pupae, which were maintained in jars with moist sphagnum moss. Jars were placed in buckets containing supersaturated NaCl solution, beginning on 10 October 2000. Two groups were held in a growth chamber at 28ЊC and a photoperiod of 16:8 (L:D) h, and the other two were held at the same temperature but in a photoperiod of 8:16 (L:D) h. On 2 January 2001, one group from each of the original growth chambers was transferred to another growth chamber with the same photoperiod but held at 4.5ЊC. After Ϸ3 wk, these groups were returned to their original, and respective, 28ЊC growth chambers.
In 2000, we collected E. viteana larvae from cultivated grapes in the Þeld at photoperiods when individuals develop exclusively into diapausing pupae (i.e., after 13 August at the North East, PA, latitude, Nagarkatti et al. 2001) . Larvae were allowed to pupate under laboratory conditions. Pupae were evenly divided into two groups and held, over the winter season, in an unheated room as previously described to simulate natural temperature conditions. One group 
Results
Diapause Intensity and Degree-Day Requirements. Using a supersaturated NaCl solution, we were able to consistently maintain Ͼ70% RH inside the buckets where diapausing pupae were held. We also observed that hourly temperatures inside the bucket did not differ greatly from those in the Þeld; for example, the mean (ϮSD) temperature from November to April inside the bucket was 5.9 (6.1)ЊC, whereas for the Þeld, it was 4.6 (6.3)ЊC. Overall, mortality of overwintering pupae was Ϸ34%, and a total 335 females and 418 males successfully emerged as adults following diapause. The Þrst moths emerged on 8 May 2000, at which time degree-day accumulation was Ϸ148 (Table 1). Moths emerged from 8 May to 21 June, with peak emergence occurring on 14 May. We observed a slight but statistically nonsigniÞcant trend in the degree-day (DD) requirements between males and females, with the average male moth emerging Ϸ10 DD before females (t ϭ 1.89, df ϭ 751, P ϭ 0.06; Table 1 ).
Cumulative numbers and proportions of emerging males and females over accumulated degree-days are presented in Fig. 1 . Males were signiÞcantly overrepresented in the Þrst 10% of all moths to emerge (G 2 ϭ 20.9, df ϭ 2, P Յ 0.01), with 79% of all those individuals being male (Fig. 2) . Excluding the Þrst 10%, males and females emerged at statistically similar rates (G 2 ϭ 0.6, df ϭ 1, P ϭ 0.43); hence, male moths were primarily preponderant during the Þrst four days of moth emergence.
We observed considerable variation in diapause intensity and termination (Fig. 3) . One pupa from an egg laid on 2 July failed to emerge several weeks after all other conspeciÞcs of the same cohort did, and later died during winter. Although its diapause status was not entirely certain, it was presumed to have been in diapause. Moreover, a single male that developed from an egg laid on 9 July 1999, when daylength was 15 h:5 min, emerged the following year on 23 May, thus giving a clear indication that diapause in E. viteana can be initiated in early summer. Following winter, adults emerged over Ϸ6 wk, with the duration of diapause ranging from 5.5 to 10 mo. The last moth to emerge after terminating diapause did so on 21 June 2000; hence, diapause in E. viteana can also be terminated in early summer. Overall, moth emergence from overwintering pupae did not seem to depend on the date of oviposition. For example, in a single cohort of eggs (Fig. 3) .
Mean Ϯ SE pupal weights of diapausing females and males were 9.71 Ϯ 0.21 and 8.15 Ϯ 0.15 mg, respectively, whereas for nondiapausing females and males, they were 8.82 Ϯ 0.17 and 7.10 Ϯ 0.11 mg, respectively. Diapausing female pupae weighed signiÞcantly more than diapausing male pupae (t ϭ 6.10, df ϭ 123, P Յ 0.01), and nondiapausing female pupae also weighed signiÞcantly more than their male counterparts (t ϭ 8.40, df ϭ 115, P Յ 0.01). Also, within each sex, diapausing pupae weighed signiÞcantly more than nondiapausing pupae (males: t ϭ 5.40, df ϭ 117, P Յ 0.01; females: t ϭ 3.22, df ϭ 111, P Յ 0.01).
Effects of Artificial Chilling and Photoperiod on Diapause Termination. Adult emergence from pupae held in the growth chambers was unfortunately very poor; overall, Ϸ8% of all pupae successfully emerged as adults. Adults did emerge from all groups, regardless of temperature (i.e., constant 28 or 28ЊC plus exposure to 4.5ЊC) and photoperiodic (i.e., 16:8 or 8:16 [L:D] h) cycles. When pupae were exposed to artiÞcial low temperatures for Ϸ3 wk, those that did emerge as adults did so 20 Ð26 d after returning to 28ЊC. However, when pupae were not exposed to artiÞcial low temperatures, adults emerged within a month before or after those that were exposed to chilling conditions. We also observed that for pupae maintained under natural temperatures, adult emergence following diapause was similar regardless of the presence of natural light. For example, pupae exposed to natural photoperiods Þrst emerged as adults on 2 May 2001, whereas pupae held in total darkness Þrst emerged on 3 May 2001.
Discussion
We have presented information on diapause termination in E. viteana that should enhance current understanding of its phenology. We observed that Ϸ148 DD, accumulated from 1 January, were required for Þrst adult emergence from diapausing pupae (Table  1) , which occurred in North East, PA, on 8 May 2000. Previous work showed that Ϸ500 DD were needed to complete one generation, with egg-to-adult development requiring Ϸ424 DD ) and mating and preoviposition another Ϸ74 (Luciani 1987) . This information, when combined with our previous knowledge of diapause initiation , will be useful in developing a comprehensive E. viteana phenology model.
Moreover, incorporating space into a phenology model would further enhance its applicability. Although the effects of regional climatic variability are more intuitive, local spatial effects should not be overlooked. For example, the proximity of a commercial vineyard to the moderating effects of Lake Erie likely inßuences the rate of degree-day accumulation. Also, there may be effects due to the geological history of the Lake Erie grape belt (Bailey 1896) . Gleissner (1943) reported that differences in soil composition among vineyards, in which those proximal to the current lake level have soils higher in clay while those located more distally have soils higher in sandy loam, resulted in differential rates of ground level heat unit accumulation.
There appeared to be no deÞnitive relationship between the dates in which pupae initiated and terminated diapause (Fig. 3) . Variability in diapause intensity may therefore be under genetic control with some individuals having a propensity for longer diapause periods while others have a less intense diapause. Such an adaptation would be ideal in temperate regions that are characterized by high climatic variability, such as the Lake Erie grape belt. The use of "bet-hedging" strategies has been previously reported, in which Þt-ness of certain conservative genotypes within a reproductive cohort is maintained during periods of catastrophic mortality caused by abiotic factors, (Bradford and Roff 1993 , Carriè re et al. 1995 , Nylin and Gotthard 1998 . Such a strategy also permits "risktaking" individuals of a multivoltine species to produce the maximum number of generations in favorable years.
Unlike patterns elucidated in other insects (e.g., McLeod and Beck 1963, Tauber and Tauber 1976) , photoperiod by itself plays no role in diapause termination of E. viteana, nor does it inßuence postdiapause development. Adult emergence from diapausing pupae held under natural temperatures was successful in both those exposed to and shielded from light. Furthermore, emergence began at roughly the same time. This is consistent with observations in another tortricid, Choristoneura fumiferana (Clemens), in which photoperiod had no role in the timing of adult emergence (Ré gniè re 1990). The presence of a period of low temperatures may not be an absolute requirement for completion of diapause as it is for C. fumiferana (Han and Bauce 1996) , while others have argued that it may be a factor in maintaining E. viteana diapause (Gleissner 1943 , Luciani 1987 . Adults did emerge from diapausing pupae not exposed to low temperatures under laboratory conditions, and both diapausing males and females weighed signiÞcantly more than their nondiapausing counterparts, suggesting an increase in energy reserves in diapausing pupae (Han and Bauce 1998) . Therefore, periods of low temperatures in nature may be a means of conserving metabolic reserves and preventing postdiapause morphogenesis, which in turn synchronizes spring emergence (Hodek and Hodkova 1988) and increases survivorship and fecundity (Irwin and Lee 2000) . However, because adult emergence from pupae exposed to artiÞcial temperature regimes was very poor, we are unable to quantify the role of low temperature periods in diapause termination, and this topic requires additional research.
E. viteana could be classiÞed as a protandrous species, although by deÞnition, protandry occurs in monandrous mating systems with nonoverlapping generations (Wiklund et al. 1992) . Nevertheless, male E. viteana did emerge signiÞcantly earlier than females in spring, and the mean difference in degree-days for spring emergence was Ϸ10 ( Table 1 ). Given that diapausing females weighed signiÞcantly more than their male counterparts, it may be that males emerge earlier in spring because energy reserves are exhausted sooner. Regardless, females, in 2000, emerged in mid May, making oviposition possible before bloom in cultivated grapes, which was 13 June in 2000. However, wild Vitis spps., the native hosts of E. viteana, generally bloom 2Ð3 wk in advance of commercially grown grapes; thus, it is possible that early emerging moths oviposit exclusively or primarily on wild Vitis. Given variation in diapause intensity (Fig. 3) , ßower clusters of cultivated grapes would be available for mid to late emerging females. Overall, the wide range of time over which emergence occurs likely results in overlapping generations, rendering the timing of insecticidal applications targeted to peak oviposition difÞcult. Also, since late emerging females could be ovipositing under photoperiods that induce diapause in the egg stage , we are intrigued by the possible existence of races with different voltinism strategies, as proposed by Gleissner (1943) . Future research should focus on examining genotypic variation in reproductive cohorts corresponding to a maternal diapause strategy.
